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The emission cascade of a single quantum dot is a promising source of entangled photons. A
prerequisite for this source is the use of a symmetric dot analogous to an atom in a vacuum,
but the simultaneous achievement of structural symmetry and emission in a telecom band poses
a challenge. Here we report the growth and characterization of highly symmetric InAs/InAlAs
quantum dots self-assembled on C3v symmetric InP(111)A. The broad emission spectra cover the
O (λ ∼ 1.3 µm), C (λ ∼ 1.55 µmm), and L (λ ∼ 1.6 µm) telecom bands. The distribution of the
fine-structure splittings is considerably smaller than those reported in previous works on dots at
similar wavelengths. The presence of dots with degenerate exciton lines is further confirmed by the
optical orientation technique. Thus, our dot systems are expected to serve as efficient entangled
photon emitters for long-distance fiber-based quantum key distribution.
Semiconductor quantum dots (QD) are expected to
play a central role in quantum information networks. A
noteworthy device based on dots is the solid-state single
photon source, which ensures absolute security in quan-
tum key distribution (QKD)1. Since QDs can confine
charged carriers in nanometer-sized regions, recombina-
tion enables single photons to appear on demand, i.e.,
synchronously with a master clock shared in networks2.
QKD over a 50 km commercial fiber has already been
demonstrated with QD photon sources, which emitted
at a wavelength of 1.5 µm3. The transmission distance
in that work was limited purely by the absorption loss of
silicate fibers. Exceeding this fundamental limit requires
the development of quantum link protocols, which exploit
the nonlocality inherent in quantum theory. An efficient
source of entangled photon pairs is a key element in the
realization of such protocols, examples of which include
quantum teleportation4 and entanglement swapping5.
The generation of entangled photons with semiconduc-
tor QDs is directly linked to the singlet configuration of
two excitons (X), which form a biexciton (XX). Even-
tually, two photons associated with the XX-X cascade
show polarization correlations independent of the choice
of measurement basis, yielding quantum entanglement in
the polarization state. However, a common class of QDs
exhibits considerable fine-structure splittings (FSS)6–10,
which exclude entanglement in emitted photons11. Nu-
merous attempts have been made to suppress FSS and re-
cover the symmetry of QDs grown on conventional (001)
oriented substrates12–19. However, from a practical point
of view, the reproducible growth of symmetric dots with
(at least) near-zero FSS is highly desirable.
A noteworthy strategy for achieving such high QD
symmetry is the application of C3v symmetric (111)
surfaces to the growth substrate, as was predicted
theoretically20. Although QD growth in the Stranski-
Krastanov (SK) mode is prohibited along the [111] axis,
the use of patterned substrates21 and droplet epitaxy22,23
makes it possible to grow QDs on (111) substrates.
Hence, a great reduction in FSS was observed in these
QDs23,24, which led to the demonstration of entangled
photon emission in pyramidal QDs on patterned (111)B
substrates25, and the filtering-free violation of Bell’s
inequality for droplet epitaxial GaAs/AlGaAs dots on
GaAs(111)A26. Note that all these studies dealt with vis-
ible wavelength photons. Material challenges have meant
that the development of QD sources in telecom bands
has achieved less progress. The simultaneous realization
of small FSS and telecom-band emission is a great chal-
lenge.
In this work, we report on the growth and character-
ization of telecom-band InAs quantum dots on (111)A
substrates. For this purpose, we focus on the use of
droplet epitaxy, which is not strain driven, thereby en-
abling us to choose a variety of materials and surface
orientations. Though most previous works on droplet
epitaxy dealt with lattice-matched systems, the versa-
tility of this technique makes it possible to create QDs
on lattice-mismatched systems targeting telecom-band
emission. The successful growth of InAs/InAlAs QDs
on InP(111)A has recently been demonstrated27. Here
we use newly created QDs with a lower surface density,
which allows a systematic study of FSS and the symme-
try characteristics of dots. The measured FSS reveals an
average value of 25 µeV, which is considerably smaller
than those in previous studies on SK grown dots at sim-
ilar wavelengths28–30. Moreover, the presence of QDs
with nearly perfect exciton degeneracy is confirmed us-
ing the optical orientation technique. Thus our source
is expected to serve as a promising candidate for highly
efficient entangled photon sources, which do not require
the use of serious temporal gating to improve the degree
of quantum correlation31.
The sample investigated in this study was grown by
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FIG. 1. (color online) (a) AFM image of the sample surface
of InAs dots on In0.52Al0.48As/InP(111)A. (b) Cross sections
along [01-1] and [-210] for a relatively large dot (top) and a
small dot (bottom).
droplet epitaxy using a conventional molecular beam
epitaxy apparatus32,33. After growing a 150-nm-thick
In0.52Al0.48As barrier layer on an InP(111)A substrate
at 470◦C, we cooled the substrate to 320◦C and supplied
0.4 monolayers of indium, which led to the formation
of indium droplets. Next, we supplied an As4 flux of
3×10−5 Torr to crystallize the indium droplets into InAs
dots at 270◦C. The sample was then annealed at 370◦C
and capped with another In0.52Al0.48As barrier layer with
a thickness of 75 nm.
For atomic force microscopy (AFM) analysis, an ad-
ditional QD layer was grown on the top of the sample.
Figure 1(a) shows a three-dimensional view of the sur-
face, which reveals the presence of disk-like dots with
3.0 (±1.0) nm in hight and 38 (±10) nm in diameter. The
dot density is as low as 3.2 × 109 cm−2, which makes
it possible to isolate single dots using conventional mi-
crophotoluminescence techniques. Figure 1(b) shows the
AFM cross sections for two example QDs. Cross sections
obtained along the orthogonal in-plane directions, [01-1]
and [-211], are almost identical, which supports the high
lateral symmetry in the dot shape without any elonga-
tions. This symmetric characteristic is a consequence of
QD growth on (111) substrates.
For the PL measurement we used a continuous wave
laser emitting at a wavelength of 705 nm for excitation
above the barrier band gap. The laser light was focused
on the sample using a near-infrared microscope objective
with a numerical aperture of 0.65. To reduce the spot
size, a hemispherical solid immersion lens with a refrac-
tive index of two was positioned on the sample. Spon-
taneously emitted photons were collected with the same
objective, and then fed into a 50-cm focal length poly-
chromator equipped with an InGaAs array detector. The
spectrometer had a resolution of 55 µeV (0.08 nm) with a
full width at half maximum (FWHM) at a wavelength of
1.3 µm. The linearly polarized PL spectra were recorded
as a function of the polarization angle. With a Gaussian
fit to the emission lines, we were able to determine the
spectral peak shift (and the absolute value of FSS) with
a resolution as high as 4 µeV. All the experiments were
performed at 10 K.
Figure 2(a) shows the low-temperature PL spectrum
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FIG. 2. (color online) (a) PL spectrum of the ensemble of
dots. The blue broken lines show the results of multiple-peak
fit with assuming Gaussian broadening for each peak. (c)
Time-resolved PL signals after ps pulsed excitation. The gray
broken line shows the instrumental response function (IRF).
The red line shows a single exponential fit to the decay data
with a lifetime of 1.43 ns.
of the dot ensembles. The PL spectrum spreads in a
1.1 to 1.6 µm wavelength range, which covers the O
(λ ∼ 1310 nm), C (λ ∼ 1550 nm), and L (λ ∼ 1600 nm)
telecom bands. The spectrum consists of several split
peaks, among which high-yield emissions are centered at
∼930 meV (1333 nm) with an FWHM of 40 meV. The
appearance of multiple peaks can be attributed to the
different families of QDs with heights varying in mono-
layer steps23. The AFM analysis suggests that the QDs
have a flat shape with a height that ranges from 2 to 6
monolayers, which is consistent with the observed spec-
tral profile.
Figure 2(b) shows the PL decay signals of the dot en-
sembles at wavelengths around 1.3 µm after pulsed ex-
citation. For this measurement, we used a mode-locked
Ti sapphire laser for excitation (λ ∼ 785 nm) and a su-
perconducting single photon detector (SSPD) for detec-
tion. The decay curve reveals a single exponent with a
decay time of 1.43 ns, which agrees with the theoreti-
cal decay time of spontaneous emission on the assump-
tion that the QDs have the same dipole moment as the
bulk value. The similar decay times have been confirmed
in telecom-wavelength QDs grown for different substrate
orientations34. Thus, the observed PL decay is likely
governed by intrinsic carrier recombination and free of
any non-radiative process, as a consequence of the high
crystalline quality of dots. The homogeneous linewidth,
which gives the maximum limit of FSS for entangled pho-
ton emission, is thus ∼ 0.5 µeV for our dots.
Figure 3(a) shows the typical PL spectrum of a sin-
gle dot. Four emission lines are observed, and assigned,
from the high-energy side, as X, X+, XX, and X−, where
X+(−) refers to positively (negatively) charged excitons.
These assignments are based on the measurement of
the excitation power dependence of the emission lines
(Fig. 3(b)), where almost linear and quadratic behaviors
were observed for X and XX, respectively. The assign-
ment of X+ and X− is further supported by an optical
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FIG. 3. (color online) (a) Typical PL spectra of a single
QD with an excitaion power of 4 µW and 0.8 µW. (b) PL
intensity as a function of excitation power for each exciton
complex. The solid lines show power lows, I ∝ Pα, where
α = 0.8, 0.8, 1.1, and 1.8 for X, X−, X+, and XX, respec-
tively. (c) Evolution of the binding energy with the X energy
for X− (red triangles), XX (black circles), and X+ (blue dia-
monds).
orientation measurement, as described later.
Figure 3(c) shows the binding energy of each exciton
complex as a function of X energy. Here the binding en-
ergy is defined as the energy difference between X and
the exciton complex. It reveals that, with increasing X
energy, the binding energy of X− increases, that of X+
decreases, and that of XX has intermediate values. The
mirror symmetric evolution of X− and X+ is induced by
the mean-field contribution to exciton charging35. Note
that the spectral profile of exciton complexes is known to
show a sensitive dependence on dot structure36. There-
fore, the observation of a clear and less dispersive evolu-
tion in the binding energy suggests that the shape and
other microscopic parameters of dots with a given size
are almost identical. This is likely to be due to the ki-
netically limited formation of dots for droplet epitaxy.
Consequently, dots on (111) substrates become rather
symmetric as microscopic randomness is effectively sup-
pressed.
Figures 4(a) and (b) show the evolution of the X peak
energy when the linear polarization axis is rotated for
two dots. The precise quantification of FSS is based on
sinusoidal fitting to these evolutions, where the magni-
tude (absolute value) of FSS is defined as the amplitude
of sine curves, and the polarization axis, φ, is defined as
the first maximum phase. Thus, the angle of φ corre-
sponds to the polarization axis of the high-energy X line
among two split lines with orthogonal polarization. As
shown by Figs. 4(a) and (b), both the FSS magnitude
and polarization axis differ dot by dot.
The statistical results for FSS over 50 dots are sum-
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FIG. 4. (color online) (a, b) Energy shifts of the X line with
rotating the axis of linear polarization for two dots. The blue
lines are sinusoidal fits to the data. (c) Absolute value of FSS
measured on single QDs (red circles). The broken line shows
the ensemble PL spectrum. The solid lines are guides to the
eye. (d) Polarization axis with respect to the emission energy.
Two orthogonal in-plane axes [01-1] and [-211] are shown by
arrows. The equivalent directions appear with every 120◦
rotation.
marized in Fig. 4(c), where the FSS magnitude is plotted
as a function of X energy. The FSS ranges between 70
and 3 µeV, where the minimum value is smaller than
the error width of the present analysis (4 µeV, shown by
the shaded region). The FSS average value is 25 µeV,
which is considerably smaller than those of SK grown
QDs in the telecom band28–30. Note that two families
of QDs with different monolayer heights are present in
Fig. 4(c), as shown by the two peaks in the ensemble
spectrum (broken line). Each family with a given height
reveals a trend where the FSS decreases as the energy
increases. This implies that high-energy QDs have a
smaller in-plane size and higher lateral symmetry. The
impact of the lateral-size reduction on FSS minimization
was also confirmed in previous study on FSS control by
high-temperature annealing12.
Figure 4(d) shows the direction of the polarization axis
with respect to the X energy. They are randomly dis-
tributed, without showing significant correlations with
the in-plane crystallographic axes. The absence of a pref-
erential direction in the (111) plane suggests a high prob-
ability of finding QDs with negligible FSS over a broad
spectral range.
The presence of dots with effectively zero FSS can be
confirmed by measuring circularly polarized emission sig-
nals. In the presence of a finite FSS value, the polariza-
tion state of the emission light is expected to oscillate
temporally between the left- and right-handed circular
polarizations, where the oscillation period is determined
by the inverse of the FSS. Therefore, in time-integrated
experiments we cannot observe a high degree of circular
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FIG. 5. (color online) Circularly-polarized emission signals
with non-resonant circularly-polarized pump at a wavelength
of 705 nm for (a) QD without a detectable FSS, and (b) QD
with a finite value of FSS. Upper panels show unpolarized
spectra. Lower panels show differential spectra between co-
circular signals and cross-circular signals. The degree of cir-
cular polarization, (Iσ− Iσ∗)/(Iσ + Iσ∗), of each emission line
is also shown.
polarization. By contrast, in the absence of FSS, circu-
lar polarization remains in time-integrated signals after
circular injection. Thus, the observation of circular po-
larization provides a sufficient condition for exciton de-
generacy. The measurement principle is analogous to the
well-known Hanle measurement, and was used to moni-
tor FSS cancellation by an electric field37. To avoid the
effect of dynamic nuclear polarization38, we set the exci-
tation power at a sufficiently low level, where the average
exciton population in the dot was ∼ 0.5.
Figures 5(a) and (b) show optical orientation results
for a selected dot without a detectable FSS (< 4µeV,
QD1) and for a dot with a significant FSS (∼ 45µeV,
QD2), respectively. The upper panels show unpolarized
spectra, Iσ + Iσ∗ , where Iσ (Iσ∗) is the emission intensity
with co-circular (cross-circular) polarization with respect
to the excitation light. The lower panels show the dif-
ferential spectra, Iσ − Iσ∗ , where a pronounced positive
peak appears for the X line of QD1, but disappears for
that of QD2. The positive degree of polarization for the
X line of QD1 (+4.2%) is evidence of the degenerate ex-
citon states. By contrast, the XX line does not exhibit a
significant polarization in both QD1 and QD2, because
the transition from XX comprises two routes with or-
thogonal polarizations. The other spectral lines follow
well-known dynamics: X+ shows a positive degree of po-
larization, which is due to spin-polarized electron injec-
tion. X− shows a negative degree of polarization, which is
accompanied by the spin-flip relaxation of electrons39,40.
Note that only a few dots exhibit circular polariza-
tion for the X line. A rough estimation of the probabil-
ity of finding dots with a circularly polarized X line is
∼ 2%, which agrees with the ratio of the natural width
of our dots (0.5 µeV) divided by the distribution of FSS
(25 µeV). This small probability reflects the relatively
long emission lifetime of telecom-wavelngth dots as com-
pared with that of visible-wavelength dots. Optical orien-
tation therefore serves as an efficient way to select dots
suited for entangled photon generation. Although it is
not essentially difficult to find dots with effectively zero
FSS, a combination of external tuning protocols is also
beneficial, where only a small tuning range is required to
reach the optimum conditions in our dots.
Recent theoretical attempts based on first-principle
calculations suggest the influence of atomic-scale sym-
metry breaking on the emergence of FSS41. Such mi-
croscopic asymmetry comes from interfacial randomness
at hetero surfaces and compositional fluctuations inside
and outside dots. It is noteworthy that the distribution
of the measured FSS in our dots is smaller than that the-
oretically predicted for telecom dots on (100) surfaces, in
which a perfectly symmetric shape was assumed42. This
implies that the [111] grown dots are more stable against
microscopic disorder than the [100] grown dots.
We attribute the further reduction of FSS in the [111]
grown dots compared with that of conventional [100]
grown dots to two mechanisms. First, owing to the high
surface stability of the (111) plane, the dots have atom-
ically flat surfaces, which were demonstrated by trans-
mission electron microscopy analysis27. The smooth and
abrupt interface also leads to the observation of distinct
spectral multiplets in ensemble spectra (Fig. 2(a)). Thus,
we expect the effect of interfacial randomness on FSS
to be greatly suppressed compared with SK-grown (100)
dots. Second, in zinc-blend compound semiconductors,
the piezoelectric field direction is along the [111] polar
axis, which coincides with the vertical growth direction
in our system. Thus, a strain field does not induce any
great reduction in lateral symmetry. The (111) surface is
thus an ideal substrate for the growth of symmetric dots,
where both geometrical (shape) symmetry and atomic-
scale symmetry are well conserved.
In summary, we have presented measurements of
minimized FSS in telecom-wavelength InAs QDs on
an InP(111)A substrate prepared by droplet epitaxy.
Polarization-resolved PL measurements were performed
to examine the FSS distribution. Resolution-limited
splittings (smaller than 4 µeV) were confirmed. The ran-
dom distribution of the polarization axis made it possible
to find symmetric dots over a wide spectral range. Thus
our InAs/InAlAs dots on (111) substrates can play a cru-
cial role in quantum information processing as an efficient
entangled photon source that can work in telecom fiber
networks.
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